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Purpose: Immunoprofiling to identify biomarkers and inte-
gration with clinical trial outcomes are critical to improving
immunotherapy approaches for patients with cancer. However,
the translational potential of individual studies is often limited by
small sample size of trials and the complexity of immuno-
oncology biomarkers. Variability in assay performance further
limits comparison and interpretation of data across studies and
laboratories.

Experimental Design: To enable a systematic approach to
biomarker identification and correlation with clinical outcome
across trials, the Cancer Immune Monitoring and Analysis Centers
and Cancer Immunologic Data Commons (CIMAC-CIDC) Net-
work was established through support of the Cancer Moonshot™
Initiative of the National Cancer Institute (NCI) and the Partner-
ship for Accelerating Cancer Therapies (PACT) with industry
partners via the Foundation for the NIH.
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Results: The CIMAC-CIDC Network is composed of four academic
centers with multidisciplinary expertise in cancer immunotherapy that
perform validated and harmonized assays for immunoprofiling and
conduct correlative analyses. A data coordinating center (CIDC)
provides the computational expertise and informatics platforms for
the storage, integration, and analysis of biomarker and clinical data.

Conclusions: This overview highlights strategies for assay
harmonization to enable cross-trial and cross-site data analysis and
describes key elements for establishing a network to enhance
immuno-oncology biomarker development. These include an oper-
ational infrastructure, validation and harmonization of core immu-
noprofiling assays, platforms for data ingestion and integration, and
access to specimens from clinical trials. Published in the same
volume are reports of harmonization for core analyses: whole-
exome sequencing, RNA sequencing, cytometry by time of flight,
and THC/immunofluorescence.
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Translational Relevance

The Cancer Immune Monitoring and Analysis Centers and
Cancer Immunologic Data Commons (CIMAC-CIDC) is a network
of laboratories and a bioinformatics center established to perform
biomarker analysis and correlation with clinical outcome data from
immunotherapy trials. The specific goal for the network is to
perform comprehensive immunoprofiling of specimens from trials,
using assays that span genomics, transcriptomics, and phenotyping
analysis of the tumor, tumor microenvironment, and periphery.
Identification of biomarkers to optimize immunotherapies for
patients with cancer requires analytically validated and harmonized
assays across multiple laboratories, allowing cross-site and cross-
trial analyses. Therefore, harmonization of assay protocols, a key
requirement for reducing data variability and allowing interpreta-
tion and integration of assay data across trials and laboratories, plays
an important part in the network’s infrastructure. A centralized
database for integration of clinical and assay data will facilitate the
identification of biomarkers to optimize immunotherapy
approaches and management of patients with cancer.

Introduction

Despite recent advances, the benefits of immunotherapy are limited
to a minority of patients with cancer. While thousands of clinical
trials (1) have been underway to test novel approaches and combi-
nation strategies, only a few investigational regimens have shown
added benefit and received regulatory approvals. A major impediment
to furthering the success of immunotherapy is inadequate understand-
ing of the complex interplay between tumor and immune system, and
the diverse mechanisms of resistance to therapy in individual patients.
Immune profiling of tumor and tumor microenvironment (TME) and
correlation with clinical outcome have the potential to enhance
understanding of biology, identify biomarkers of response and toxi-
cities, and reveal mechanisms of resistance that might be actionable.
Especially, analyses of clinical samples longitudinally (at baseline, on
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treatment, and at progression) are valuable for elucidating the
mechanisms of drug action and monitoring changes in tumor and
TME through treatment (2, 3). The integration of stringently validated
biomarkers in immunotherapy trials could accelerate therapeutic
development and optimization of clinical outcome.

Findings in early- and late-phase clinical trials have led to identi-
fication of candidate predictive markers for response to anti-PD-1/
PD-L1 monotherapy, such as PD-L1 expression (4-6), CD8" T-cell
density (7), tumor mutational burden (TMB; refs. 8, 9), neoantigen
prediction (10), transcriptomic profiles (11), T-cell receptor (TCR)
clonality (7), and microsatellite instability (MSI) status (12). Biomar-
kers associated with poor outcomes have also been identified; examples
include tumor loss of antigen presentation machinery (13, 14), acti-
vation of Wnt/f-catenin signaling (15), and cyclin-dependent kinase 5
expression that may dampen the ability of T cells to reject tumors (16).
Furthermore, biomarkers to predict immune-related adverse events
(irAE) are also of high interest, particularly for irAEs with life-
threatening consequences.

However, to date, different biomarkers have been investigated with
variable success. In particular, no biomarkers have been identified for
selection of combination regimens. Determining the predictive accu-
racy of biomarkers for immunotherapy must involve a comprehensive
approach that encompasses the complexity of tumor biology and the
host immune system. While multi-omics technologies are widely
available to support objectives of biomarker discovery, variability in
assay methodology, assay data reporting, and specimen collection and
processing procedures prevents comparison and interpretation of data
across individual laboratories and clinical trials (17).

Elements critical to a systematic effort in biomarker development
across different sites and studies must include: multidisciplinary
expertise and capacity for complex tumor and immune profiling,
assay platforms that not only are analytically validated, but also
demonstrate comparable assay performance across laboratories,
appropriate clinical study design and sufficient sample sizes to make
statistically valid conclusions, and a database for biomarker and
clinical data integration with bioinformatics tools for correlative
analysis within and across trials (Fig. 1).
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Figure 1.

Strategies to enhance the value of biomarker discovery through deep tumor immune profiling in individual patients, biomarker analysis with clinical correlation within

trials, and integrative analysis across trials.
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Materials and Methods

To facilitate the process of immune biomarker identification
and comparison between different NCI-sponsored immunotherapy
trials and laboratories, the NCI established the Cancer Immune
Monitoring and Analysis Centers and Cancer Immunologic Data
Commons (CIMAC-CIDC) Network (https://cimac-network.org/;
“the Network”). The Network is composed of four multidisciplinary
academic centers (the CIMACs), with capacity for state-of-the-art
immunoprofiling assays, and a data coordination center (CIDC)
that provides a database and informatics platform for analysis and
integration of clinical and biomarker data across trials.

The CIMAC-CIDC Network was launched in September 2017
through the Cancer Moonshot™ Initiative supported by the NCI.
As the Network was being established, in parallel, it formed a
collaboration with the Partnership for Accelerating Cancer Ther-
apies (PACT), another Cancer Moonshot™ project, and it became
the public-sector side of the public-private partnership (PPP)
overseen by the Foundation for the NIH. This collaboration of the
Network and PACT, launched in February 2018 (18), allowed for
exchange of ideas between the industry partners from 12 leading
biopharmaceutical companies, the FDA, NCI, and the academic
partners in the Network. The Network and PACT agreed that
validation and harmonization of biomarkers are essential for the
future of immunotherapy development. In particular, the industry
partners, through the PPP, provide major financial support for the
bioinformatics needs of the Network for optimization of data
collection methodologies, data integration, and building a database
of biomarker and clinical data at the CIDC. In addition, they
support development of novel biomarker assays and correlative
studies in immuno-oncology clinical trials sponsored by NCI,
industry, academic centers, and other organizations.

Results

This overview describes components required for the establish-
ment of the Network. Also published in this volume are separate
articles that summarize the harmonization efforts on key assay
platforms, including those for whole-exome sequencing (WES) and
RNA sequencing (RNA-seq; ref. 19), mass cytometry by time of
flight (CyTOF; ref. 20), and singleplex and multiplex IHC/immu-
nofluorescence (IHC/IF; ref. 21).

The CIMAC-CIDC Network infrastructure

The four CIMACs are located at Dana-Farber Cancer Institute
(Boston, MA), the Icahn School of Medicine at Mount Sinai (New
York, NY), the University of Texas MD Anderson Cancer Center
(Houston, TX), and Stanford University (Stanford, CA). The CIDC is
hosted at Dana-Farber Cancer Institute (Boston, MA). Each CIMAC
encompasses a multidisciplinary group of investigators with basic,
translational, clinical, and computational expertise required for con-
ducting complex correlative analyses.

The operational structure of the Network is depicted in Fig. 2.
Clinical trial teams of the NCI- and PACT-solicited trials seeking to
collaborate with the Network apply through an established process
that includes evaluation of scientific merit and feasibility of biomarker
studies in the context of the clinical trial. For the selected trials, the
CIMAC-CIDC investigators partner with the clinical trial team to
design a biomarker plan and conduct immunoprofiling assays and
correlative analyses. For correlative studies sponsored by the private
sector PACT funds, the industry members also form a working group
that helps to advise and refine the study design with the trial team.
Blood and tissue specimens from the trials are collected at or trans-
ferred to designated central biorepositories for pathology quality
control, processing, and distribution to the CIMACs. Guidelines and
template agreements were developed for data access and sharing,
specimen transfers, and intellectual property stipulations (https://
cimac-network.org/documents/).

The four CIMACs provide a wide range of validated and harmonized
assay platforms for comprehensive genomic, phenotypic, and functional
characterizations for analysis of specimens from immunotherapy trials.
Raw assay data generated by CIMAC laboratories are transferred to the
CIDC. A set of clinical data elements is extracted from the clinical trial
database and also transferred to the CIDC. CIDC facilitates the Network
activities through optimizing data collection methodologies and pro-
viding the central database, investigator access, and bioinformatics tools
for integrative data analysis of biomarker and clinical data, both within
and across trials, to function as an immunoprofiling data coordination
center.

Currently, more than 30 clinical trials from various NCI trial
networks, academic sites, and industry sponsors have been selected
for collaboration with the CIMAC-CIDC Network. These trials range
from phase I/pilot studies to randomized phase II and III trials and
involve a variety of clinical settings, including pediatric malignancies,
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rare tumors, patients with preexisting autoimmune disorders, as well
as patients with common solid tumors and hematologic malignancies.
Therapeutic strategies being tested in the trials include monotherapy
with immunotherapy agents and combinations with other immune
modulators, targeted agents, or chemotherapy/radiation. In addition
to baseline tumor tissue and longitudinal blood sample collections,
many early-phase trials also incorporate on-treatment and at-
progression biopsies.

Overall, the Network has set out the following scientific and
strategic goals:

—~

i) Establish evidence-based translational research approaches

for analytical validation of assays and biomarkers.

(ii) Conduct both hypothesis-driven and hypothesis-generating

correlative studies in immuno-oncology trials, with the goal

of identifying candidate biomarkers and their associations with
clinical outcomes.

Establish the administrative infrastructure of the Network,

including development of a CIMAC-CIDC Human Material

Transfer Agreement involving multiple stakeholders (CIMAC-

CIDC, NCI, clinical trial organizations and sponsors, and

investigators), CIMAC-CIDC guidelines to guide the Network

operations, and a study proposal intake process (documents
found at: https://cimac-network.org/documents/).

(iv) Develop and implement a specimen collection and processing
“umbrella” protocol supporting the immunoprofiling assays of
the CIMAG:s, including standardization of preanalytical con-
ditions (found at: https://cimac-network.org/documents/).

(v) Analytically validate all tier 1 and tier 2 assays (Table 1) to be
performed by CIMACs, conduct harmonization of the key
tier 1 assay platforms across different CIMACs, and establish
reference standards for longitudinal monitoring of assay
performance.

(vi) Support translational efforts in the immuno-oncology scientific

community by providing access to a set of protocols for

harmonized and validated assays that can be implemented by
both academic and industrial laboratories.

Establish the CIDC, including the bioinformatics platforms for

within- and cross-trial analysis and integration of biomarker

and clinical data.

Facilitate broad data sharing with the larger research commu-

nity by transferring data and findings from the CIDC to the NCI

(iii)

(vii)

(viii)

Table 1. Tier 1, 2, and 3 assays in the CIMAC-CIDC Network.
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Cancer Research Data Commons (CRDC), including data from
the industry-sponsored trials.

Selection and prioritization of biomarker modules for clinical
trials

The CIMAGCs selected a variety of platforms to provide compre-
hensive tumor and immune profiling for characterization of antitumor
immune responses. These assays are categorized by tiers on the basis of
scientific priority and technical robustness for implementation in
clinical trials (Table 1).

Selection of assay platforms

From a biological perspective, molecular profiling should encom-
pass components essential to antitumor immune response, including
tumor intrinsic factors (e.g., immunogenicity and oncogenic path-
ways), host factors, and immune cell subsets in the TME and periphery.
A guiding principle for selection of CIMAC assays was to prioritize
platforms that provide the most comprehensive and unbiased analysis.

CyTOF mass cytometry was selected for assessing function and
phenotypes of immune cell subsets, such as T cells, B cells, natural killer
cells, macrophages, and myeloid-derived suppressor cells, as it was
considered advantageous over flow cytometry for the higher number of
biomarkers detected by antibody panels, with little or no spillover
between detector channels (22). Olink was chosen as the core assay for
profiling of cytokines, chemokines, and growth factors, which are
essential to immune response and intercellular communication. Olink
was selected after comparisons with several other platforms for
multiplex soluble analyte measurement. The advantages of Olink
include a dedicated panel for immuno-oncology, high number of
measurable analytes per sample (more than 90), high dynamic range
of detection due to its proximity extension assay, low volume require-
ment, internal calibration controls, and good reproducibility. WES was
prioritized over use of targeted gene panel sequencing, to provide
genomic correlates, such as TMB calculated as total number of single-
nucleotide variants (9), immunogenic neoepitopes resulting from
novel mutations (23), germline mutations and polymorphic var-
iants (24), and MSI status (12). Whole-transcriptome profiling
(RNA-seq) and TCR sequencing assays were chosen for their utility
in measuring complex, dynamic physiologic states and their ability to
provide a wide range of information in a single readout, including
tumor gene expression, neoantigen load, T-cell infiltrate, TCR clon-
ality, HLA haplotype, and other signatures relevant to response or

Tier 1assays (planned for all or most trials)

Tier 2 assays (planned for selected trials)

Tier 3 assays (highly novel and exploratory)

« CyTOF « CyTOF Phosphoflow
« Olink immunoassay « Grand Serology ELISA
« WES « CctDNA
« RNA-seq « ATAC-seq
« nCounter® (NanoString) « scTCR-seq
« mIHC/IF « TCR-seq
« Singleplex IHC (sIHC) .
metagenomics)
. MBI

« ELISPOT

« HLA tetramers
« scRNA-seq

« CITE-Seq

Microbiome analysis (16S sequencing, shotgun

Abbreviations: ATAC-seq, assay for transposase-accessible chromatin sequencing; CITE-Seq, cellular indexing of transcriptomes and epitopes by sequencing;
CtDNA, circulating tumor DNA; CyTOF, cytometry by time of flight; HLA, human leukocyte antigen; MIBI, multiplexed ion beam imaging; mIHC/IF, multiplex
immunohistochemistry/immunofluorescence; RNA-seq, RNA sequencing; sScRNA-seq, single-cell RNA sequencing; scTCR-seq, single-cell TCR sequencing; TCR-seq,

TCR sequencing; TCR, T-cell receptor; WES, whole-exome sequencing.
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resistance to immunotherapy (25). The NanoString platform was
identified as an alternative approach for transcriptional analysis.
Although it covers a targeted panel of genes, it is robust, sensitive,
and applicable especially in cases of low-quality RNA from formalin-
fixed, paraffin-embedded (FFPE) samples. Tissue imaging via multi-
plex IHC/IF (mIHC/mIF) was included as a core assay for its ability to
probe multiple cellular markers simultaneously and provide informa-
tion on spatial organization of cellular targets in relation to tumor
cells, stroma, vasculature, and immune cell subsets (26, 27). Although
not considered a “tier 1” assay, microbiome analysis was harmonized
between two CIMACs. Aspects harmonized included stool sample
collection, aliquoting, DNA extraction, 16S rRNA sequencing, and
computational considerations.

Prioritization of assays for implementation in clinical trials

An organizing principle for biomarker prioritization was the
concept of assay “tiers” based on level of comprehensive and
unbiased features, as well as the envisioned scope of assay appli-
cation across clinical trials. To generate data that could be inte-
grated across multiple trials, a core set of assays defined as “Tier 17
was chosen to be applied in all or most trials and require harmo-
nization to ensure comparability of the data across CIMAC sites
(Table 1).

“Tier 2”7 assays are used in selected trials and do not require
harmonization. They could be available at a single CIMAC site
and require less throughput than tier 1 assays. For example, the
assay for transposase-accessible chromatin sequencing (ATAC-
seq), which measures epigenetic changes in sorted specific
immune cell populations, is designated as a tier 2 assay (28).
ATAC-seq analysis can be implemented in trials studying drugs
that target DNA methylation or that work via other type of
epigenetic reprogramming (29, 30).

“Tier 3” assays are considered novel and may be relevant to specific
treatment questions in selected trials. Examples include use of single-
cell genome or single-cell transcriptome assays to provide a “deep dive”
into immune system complexity. Such assays can reveal cell population
differences, cellular evolutionary relationships, and clonal heteroge-
neity within the tumor (31).

Tier-based categorization can change over time as tier 2 assays prove
sufficiently robust to become tier 1. For example, the circulating tumor
DNA (ctDNA) assay, which yields information on tumor burden
dynamics in cancer progression and may potentially circumvent the
need for repeated tumor biopsies (32), has emerged as a biomarker of
interest in multiple clinical trials and thus could be reclassified from
tier 2 to tier 1. With further development, tier 3 assays could potentially
be promoted to tier 2 status.

Considerations for specimen collection and preanalytics

How specimens are collected and processed for preservation can
have a large impact on the quality of assay data and correlative
analyses. The CIMAC-CIDC Network includes more than 30 clinical
studies led by multiple different trial groups, across a projected
collection of thousands of specimens from more than 3,000 patients.
Allocation of limited specimen material for various assays needed for
comprehensive profiling across CIMAC sites frequently poses a logis-
tical challenge.

Efforts to achieve the goals set for the CIMAC-CIDC Network
require that specimens meet a high standard of quality to ensure robust
and comparable profiling. To guide investigators through sample
distribution options among a variety of assays and provide standard-
ized methods for specimen collection and handling, the Network and

5042 Clin Cancer Res; 27(18) September 15, 2021

NCI developed the Specimen Collection “Umbrella” protocol (found
at: https://cimac-network.org/documents/). The Umbrella protocol
addresses various steps in the “sample flow,” from tissue or blood
sample acquisition at trial sites, to immediate processing and storage at
biorepositories, to subsequent processing and downstream distribu-
tion to the CIMAC laboratories. An overview of the Umbrella protocol
is provided in Table 2.

The Umbrella protocol was developed using an iterative approach.
Optimizing performance of CIMAC assays and defining specimen
preanalytical requirements were instrumental in the assay validation
and harmonization efforts of the CIMAC-CIDC, described later in this
overview. Existing biorepository standard operating procedures (SOP)
that had been well validated with clinical trial samples were employed
or adapted as far as possible. Where feasible, novel approaches were
considered to support the need for flexibility and maximize use of
limited tissue.

Since its development, the Umbrella protocol has been incorporated
into several trials selected for collaboration with CIMAC-CIDC.
Potentially, the Umbrella protocol could have broader applicability
beyond CIMAC-CIDC, as a consensus guidance for prospective
immunotherapy trials to ensure high-quality specimen collections for
downstream analysis.

Principles for assay validation and harmonization

To enable robust and systematic biomarker analysis across the
CIMACs and across clinical trials, objective quality control measures
are required for all assays to be performed in the Network. These
measures include each assay’s analytical validity, including its pre-
specified level of variability and reproducibility, concordance between
laboratories, as well as acceptance criteria appropriate to its intended
use (Table 3).

Analytical validation

An analytically validated assay should accurately and reliably
measure the analyte of interest in specimens representative of the
population of interest. Analytical validity is built on the concept of a
total test, including preanalytical, analytical, and interpretative/
postanalytical phases of assay development (Table 3; ref. 33).
Analytical validation should demonstrate how robustly and reliably
the test meets predefined performance standards of reproducibility,
specificity, sensitivity, and dynamic range. Regression analysis by an
appropriate linear or nonlinear method should be performed
comparing measured with expected biomarker assay performance
across the quantification range. The general acceptance criteria for
the correlation coefficient (r) should be predetermined on the basis
of the context of use (34).

The level of analytical validation required for CIMAC assays is
set at the level of evidence claimed for research use-only assays,
which are usually applied for sample characterization and hypoth-
esis generation, but cannot be used in clinical decision-making
and, therefore, are not required to be performed in a Clinical
Laboratory Improvement Amendments (CLIA)-certified labora-
tory. For the purpose of CIMAC-CIDC study, the assays went
beyond the typical validation required for routine research-based
assays, as the analytical validation process and consensus SOPs
were aimed at informing future standardization and harmoniza-
tion guidelines for these assays. Each tier 1 and tier 2 assay
required a qualification document demonstrating analytical vali-
dation of the assay, including sensitivity, specificity, intra- and
interassay precision, accuracy, linearity, reproducibility, and
robustness/ruggedness (Table 3).
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Table 2. Preanalytical elements in the CIMAC specimen collection “Umbrella” protocol.

Specimen type

Collection and processing
at site

Immediate processing at
biobank

Processing at biobank
for distribution to
CIMAC laboratories

Intended assay use at
CIMAC

Tissue biopsies

« De novo core needle
biopsy

- Endoscopic/punch biopsy

« De novo surgical resection

+ 1-2 cores or 1 segment (FFPE)

« Embed fixed tissue
« Store blocks

« Unstained slides + H&E
« DNA/RNA extraction

« Fresh frozen samples:

. WES tumor/normal,

+ 1-2 cores flash frozen or 1 segment

flash frozen

« Store frozen

« DNA/RNA extraction

RNA-seq, TCR
sequencing

« Archival FFPE material

« FFPE blocks or unstained slides

- Core punches_

« Store blocks or vacuum-
seal slides
« Refrigerate punches

« Unstained slides + H&E
« DNA/RNA extraction

« FFPE samples:
« IF, IHC, MIBI, WES/
germline, RNA-seq,
TCR sequencing

Blood
« Sodium heparin green-top
tubes

« 30 mL draw

« Isolate plasma and PBMCs

« Smart tubes

« Ship smart tube, plasma, or
PBMCs
« DNA (TCR sequencing)

« Plasma (Olink, ELISA)
- PBMCs (CyTOF, TCR
sequencing)

« Streck cell-free DNA tubes

« 10 mL draw

« Isolate plasma and freeze
aliguots

« Ship plasma aliquots

« cfDNA

« K2-EDTA purple-top
tubes

« 2 mL draw (solid tumor germline)
« 5-10 mL draw (hematologic

germline)

« Freeze germline aliquots
« 2 mL aliguots (TCR
sequencing)

« Extract and ship DNA
aliquots

« Germline WES, TCR
sequencing

+ 2 mL draw (TCR sequencing)

Bone marrow, CSF, stool

« Bone marrow aspirates « Custom volume in K2-EDTA tubes « Supernatant « Ship aliquots « CyTOF, Olink, IF, IHC,
or « Cell fraction « Unstained slides + H&E MIBI, RNA-seq
Cerebrospinal fluid -« DNA/RNA extraction

« Stool samples « Self-collection (ship ambient or « 2 mL aliquots (DNA « Ship frozen aliguots « 16S rRNA

frozen) stabilizer) « Shotgun metagenomics

« Frozen stool

Abbreviations: cfDNA, cell-free DNA; H&E, hematoxylin and eosin.

Table 3. Analytical performance metrics evaluated for CIMAC
assays.

- Analytes
« Technical platform(s)
« Reagents, controls, and calibrators
« Quality control parameters for specimens/analytes (e.g., cell viability, RNA/
protein quality/integrity)
« Critical preanalytical variables
« Analytical performance characteristics for each assay:
= Current status and results of studies defining the sensitivity,
specificity, accuracy, precision, reproducibility, reportable range,
reference ranges/intervals (normal values), turnaround time, and
failure rate of the assay.
= Use of positive and negative controls, calibrators, and reference
standards.
= Number of samples in the reproducibility study.
= How run-to-run variation (CV) was assessed and handled.
= How interlaboratory variability in the measurements was assessed and
how these sources of variation were minimized to maintain performance
at all sites within acceptable limits and to prevent drift or bias in the
assay.
®  Scoring procedures and type of data to be acquired:
« Quantitative/continuously distributed
« Semiquantitative/ordered categorical
« Qualitative/nonordered categorical

Note: Adapted from “Study Checklist for CTEP-Supported Early-Phase Trials
with Biomarker Assays,” found at http://ctep.cancer.gov/protocolDevelop
ment/ancillary_correlatives.htm.
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Assay harmonization for CIMAC-CIDC studies

To allow comparisons of biomarker data across trials, concordance
of tier 1 assay performance was established across the different CIMAC
sites performing a given assay, following development of consensus
protocols. To enable comparison and integration of assay data across
different studies and sites, harmonization of laboratory-specific pro-
tocols and development of consensus SOPs are recommended. During
this process, each participating laboratory evaluates and compares the
validity of reagents, standards, methodologies, protocols, and data
reporting specific to each laboratory. Development of consensus
protocols enables data comparison and interpretation supporting
biomarker development across different clinical trial sites (Fig. 3;
ref. 17).

Across the CIMACs, the principles of harmonization have been
applied and successfully completed for CIMAC tier 1 assays
assessing genomics (WES), transcriptomics (RNA-seq), and phe-
notypic characterization of tumor (mIHC/mIF) and peripheral
blood mononuclear cell (PBMC) subtypes (CyTOF). Olink, also
a tier 1 assay, is validated and performed at a single CIMAC. The
results of the harmonization for individual assays are described in
reports also published in this volume (19-21). All assays met the
predefined acceptance criteria for concordance that had been
established for each assay, demonstrating a high level of compa-
rability of results between participating laboratories. The CIMAC
assay SOPs are available on the CIMAC-CIDC website at https://
cimac-network.org/assays/.
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Cross-site assay harmonization, an iterative process ensuring repro-
ducibility and robustness of assays to overcome methodologic and
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Statistical evaluation of assay performance

Most biomarkers are measured as continuous variables, but some
are categorical in nature. Repeatability is defined as the agreement of
repeated measurements within one laboratory under similar condi-
tions. On the other hand, harmonization is defined as the agreement of
repeated measurements across different laboratories under various
conditions. Because a large number of different biomarkers will be
analyzed in a wide variety of settings, no single statistical method and
no single criterion can be applied to analyze the agreement of
measurements for all conditions. However, several statistical methods
can be applied to evaluate the agreement or concordance between
measurements within and across laboratories:

(i) Pearson and Spearman correlation coefficients are calculated to
examine the agreement of two measurements of a continuous
variable; a scatter plot can also be generated. The Pearson
correlation coefficient is more efficient when the data are
Gaussian distributed. The Spearman correlation coefficient is
more robust when the data deviate from the Gaussian
distribution; it is less influenced by outliers. Although there
is no uniformly accepted criterion of “acceptable” agreement,
a correlation of greater than 0.7, 0.8, and 0.9 can be consid-
ered as having adequate, good, and excellent correlation,
respectively.

(ii) Coefficient of variation (CV) is defined as the SD of a mea-
surement divided by its mean. By definition, it is a measure of
variation on the scale of the mean. Hence, CV is a unitless
measurement and is useful for quantifying the variation or
precision of measurements. Both intra- and interlaboratory
CVs can be calculated. Similarly, there is no uniformly accepted
criterion regarding the magnitude of an “acceptable” CV.
However, a CV of less than 0.3, 0.2, and 0.1 can be considered
as having adequate, good, and excellent precision between the
measurements, respectively.

(iii) Variance component model under the one-way ANOVA can be
constructed to model the variability both within and between
laboratories at different sites. The total variability can be broken
down into between-site variability, between-subject variability,
and within-subject random error (i.e., measurement error). The
relative magnitude of the different variabilities can be calculated
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by forming the percent of variability that is explained. Intraclass
correlation coefficient (ICC) can also be calculated as the
proportion of the total variance contributed by between-site
variance. ICC can be generalized to allow for covariate effects.
Small portions of variability due to site and random error
indicate good harmonization.

(iv) Linear mixed effect model can be applied when biomarkers are
measured over time within the same individual. Typically, the
subject is considered as a random effect, and time a fixed effect.
When multiple sites are involved, site can be added as a fixed or
a random effect. When data are skewed, transformation can be
applied to biomarkers to make the transformed values more
Gaussian distributed. Other covariates can be added as well. The
contribution of various components to the biomarker value can
be dissected and evaluated.

Reference materials for longitudinal assay performance
monitoring

To extend the full benefits of the CIMAC-CIDC validation and
harmonization efforts, a long-term plan was put into place to monitor
assay performance over the duration of the project. For several assays,
standard reference materials were generated in batches for quality
control assessment of assay performance within and across different
CIMAC:s over time (Table 4). Control materials will also be used in
“bridging” studies to compare assay performance following a transi-
tion to a different platform or modification of an assay.

Cancer Immunologic Data Commons (CIDC)

The Dana-Farber Cancer Institute (Boston, MA) maintains and
hosts the CIDC for the CIMAC-CIDC Network. The CIDC provides
bioinformatics methods and the computational expertise and
resources to facilitate the analysis of immuno-oncology trial data for
the Network (Fig. 4). CIDC receives clinical data from various sources,
including NCI trial network trials, investigator-initiated trials, and
industry trials, for integrative analysis of the assay and clinical data.
While the integrity of the provided data is maintained, the data are
mapped to a clinical data model and current standards. In conjunction
with the CIMACs, CIDC has developed data standards and software
for recording molecular, clinical, and metadata generated by the
Network. As these data standards evolve, the CIDC will work with
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Table 4. Longitudinal reference standards used by CIMAC-CIDC.

Reference material Description Total amount available Frequency of testing

CyTOF BioLegend PBMCs 1:1 mixture of dual-labeled activated  200-350 vials (1 x 10° cells/vial) Spiked into every clinical sample
and resting PBMC Veri-cells at 10% volume
Olink Various « Pooled plasma from healthy donors  More than 1,000 aliquots available Used in every run
« Randox cytokine cocktail
« Olink experimental controls
ELISA grand Healthy plasma pools « Healthy donor plasma pools as More than 300 mL of plasma Used as appropriate
serology negative control and titer calculations  available (3-15 pL per assay)
« Positive plasma pools from patients
with reactivity to several antigens
IHC/IF, MIBI CHTN Master TMA Master TMA containing normal, Sequential sections will be Twice per year
neoplastic, and tumor tissue distributed (four TMA blocks)
WES HapMap cell line pool « Two pools of 10 HapMap cell lines Cell line pellets embedded into Twice per year, Used as analysis
containing different allele fractions FFPE blocks, extracted DNA pipelines develop over time
« Two cell lines as germline controls distributed to each site
Microbiome Various « Healthy donor fecal samples (RefA) « RefA: 60 ready-to-use aliquots Used to control biases and batch

Standard (RefB)

DNA library of gut-relevant microbes

of known abundance (RefC)

ZymoBIOMICS Microbial Community

from ~100 mg of material
« RefB: commercially available

effects for extractions, library
preparation, and sequencing
runs

Abbreviations: CHTN, Cooperative Human Tissue Network; TMA, tissue microarray.

the NCI Center for Cancer Data Harmonization to ensure data are
available for rapid sharing via the NCI CRDC, as well as facilitate future
cross-trial analyses.

CIDC software

The CIDC software platform is a Google cloud-based system
designed to facilitate the ingestion of molecular, clinical, and
metadata generated by CIMAC laboratories and participating clin-
ical trial centers. The software system abides by stringent security
controls under the Risk Management Framework published by the
National Institute of Standards and Technology. The main com-
ponents of the system are: a high-performance data transfer tool for
CIMAG:s to transfer assay data and metadata to the cloud, central-
ized storage of all metadata in a managed database and files in cloud
storage buckets, and a web-based data portal for browsing and
downloading of data files associated with the clinical trials. Access
management is implemented using a role-based methodology
ensuring access is tightly controlled by the Network’s data access

Figure 4. Clinical @
Network data coordination: CIDC provides bioinformat- trials &E*S.
ics services and functionality on the basis of data 1/\/

received from CIMAC laboratories and clinical trial
organizations.

AACRJournals.org

and sharing policies. The prototype CIDC data portal is operational
and is in the process of ingesting assay data generated from clinical
trial samples and different assay types.

CIDC bioinformatics

The CIDC worked with the CIMAC:s to establish the experimental
and computational pipelines and to identify the relevant pre- and
postanalytical metadata to be collected with the assay data. Using a
unified workflow management system, the CIDC has established
several uniform bioinformatics processing pipelines. These include
pipelines for processing WES, bulk RNA-seq, ATAC-seq, and TCR
sequencing data. The pipelines also provide self-contained, compre-
hensive HTML reports, and use conda and bioconda (35) to ensure
reproducibility and portability.

The WES processing pipeline follows Gene Analysis Toolkit best
practices (36) implemented in Sentieon for identifying germline/
somatic mutations, indels, and copy-number variations. The pipeline
also includes mutation interpretation, tumor purity, and clonality

CIMAC @ CIMAC @ CIMAC @ CIMAC @
Stanford DFCI Mt. Sinai MD Anderson
' £ N
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CIDC data model @
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analysis features. In addition, HLA typing and neoantigen prediction
are incorporated specifically for immunologic data.

The RNA-seq processing pipeline includes steps for preprocessing,
quality control, conventional differential expression analysis, and
downstream analysis (e.g., gene module and gene set enrichment
analysis). Tailoring to immuno-oncology, it includes additional func-
tions to estimate infiltrating immune cells, evaluate immunotherapy
response prediction biomarkers, predict MSI status, infer infiltrating
immune repertoires, and identify microbiota and their classifications.
In addition, the CIDC has engaged in efforts to harmonize genomics
data from three different experimental platforms (MD Anderson
Cancer Center, Houston, TX, Frederick National Laboratory for
Cancer Research, Frederick, MD, and the Dana-Farber Cancer Insti-
tute, Boston, MA) and is starting to use the pipelines to process trial
samples. In the coming year, the CIDC aims to improve the neoantigen
prediction function by integrating WES and RNA-seq data and
incorporating the newest immunopeptidome data.

For TCR sequencing, the CIDC team built an interactive web
application that generates HTML reports for users to visualize immune
repertoire information for each sample, cluster the samples, and
compare samples between different groups. The CIDC has also
finished developing the ATAC-seq data processing pipeline based on
a previous chromatin immunoprecipitation sequencing pipeline
(37). Finally, for CyTOF data, the CIDC licensed the Astrolabe
platform, which uses an automated gating strategy to determine cell
populations (38). All the bioinformatics pipelines developed and
adopted are accompanied by documentation, software versions, anal-
ysis parameters, and reference data, and are tested regularly when
necessary updates are made.

Discussion

Assay harmonization was identified as an important objective for
both the CIMAC-CIDC Network and the PACT PPP, to generate
highly concordant and interpretable datasets across multiple labora-
tories and studies and to facilitate development of a database of
biomarker and clinical data for secondary analyses. Harmonized
assays reduce variability and enhance reproducibility of individual
laboratory protocols and comparability of data across different lab-
oratories and studies. In this regard, the primary objective of the
Network activity has been achieved. In the second phase, the harmo-
nized assays are being implemented for specimen analysis and cor-
relation of assay data with clinical outcome variables. We hope the
availability of CIMAC assay protocols and the publication of the data
from CIMAC-CIDC Network harmonization projects will increase
awareness in the immuno-oncology community of the importance of
harmonization principles in successful biomarker identification, qual-
ification, and implementation. It is the hope that these publicly
available protocols will be adopted in academic and industry trials,
allowing for uniform biomarker data generation enabling cross-trial
analysis. Ultimately, the clinical utility of immune assays and optimi-
zation of immunotherapies based on biomarker data will depend on
implementation of assay harmonization principles across the
immuno-oncology community.
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